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1. Introduction
The principal function of the eye is to receive the light signal from the environment and
transmit it to the brain to create vision. This requires that the structures of the eye involved
in light transmission, such as the cornea and the lens, must be transparent. Unlike other
tissues of the body, nutrients and oxygen supply to these structures must be accomplished
without blood interference in transmission of light, i.e., these structures must be avascular.
Apart from this, the eye must also maintain optimum pressure within the globe, which is
important to give the rigidity necessary for optical alignment of the cornea, lens and the
retina. The eye achieves this by the production, accumulation and circulation of a clear fluid
called aqueous humor (AH). AH is produced by selective transfer of solutes and water from
the blood plasma by a complex ocular epithelium, the ciliary epithelium. The fluid then
accumulates in the two special compartments within the eye, and the excess leaves the globe
to enter the blood through complex pressure dependent outflow pathways. This complex
arrangement of production, accumulation and drainage of aqueous humor contributes to
the nutrition and survival of the avascular tissues as well as to good optical properties of the
eye. However, this also poses a problem in that any imbalance in the production and
drainage of aqueous humor inevitably causes abnormal intraocular pressure (IOP). For
example, in case of insufficient drainage, excess accumulation of fluid within the globe will
raise the IOP to higher than the physiological level; a clinical condition called glaucoma.
Abnormally high pressure causes death or degeneration of the light sensitive and signal
transmitting tissues of the eye leading progressively to partial or complete blindness.
Understanding the mechanism of AH secretion and its regulation is important to develop
rational and target specific drugs for the treatment of glaucoma. In this chapter we will try
to present the readers with a comprehensive and up to date description of the relevant
ocular anatomy, physiology, biochemistry and pharmacology of AH secretion and its
relevance to pathophysiology of ocular hypertension or glaucoma.
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2. Gross structures of the eye
The two eyes together with the appendages (extraocular muscles, lacrimal glands) are
situated within the conical or four-sided pyramidal cavities of the skull called the orbits. The
eyeball is a sphere, with the segment of a smaller sphere, the cornea, in front. It is composed
of three layers or tunics. The outermost protective layer is made up of the sclera posteriorly
and the cornea anteriorly. The middle layer is mainly vascular, consisting of the choroid,
ciliary body and iris. The innermost coat is the retina, containing the essential sensory
elements responsible for vision - the rods and cones, bipolar and ganglion cells. Within the
three layers are the refractory media - namely, the AH, the crystalline lens and a clear jelly,
the vitreous humor (Fig. 1).

Fig. 1. Diagram of the human eye in horizontal section showing major structures and the
arrangement of the three layers (Forrester et al., 1996) (used with permission)
The cornea, the first and the most powerful refracting surface of the optical system of the
eye, occupies the anterior sixth of the outermost coat. The crystalline lens is a double
convex, transparent body positioned between the iris and AH in front and the vitreous
humor behind, and is supported by an elastic capsule and the ciliary zonules (the
suspensory ligaments). The ciliary zonules attach the lens to the ciliary body. The iris, a
pigmented structure, is the most anterior portion of the vascular tunic of the eye. It is
composed of a flat bar of circular muscle fibers surrounding the pupil and a thin layer of
smooth muscle fibers by which the pupil is dilated. Relaxation and contraction of the iris
regulates the size of the pupil and hence the amount of light entering the eye. It is covered
by two layers of epithelia, which are continuous extensions of the pigmented and
nonpigmented layers of the ciliary body (CB) epithelium. The CB is the middle thickened
portion of the vascular tunic anterior to the ora serrata (the terminating point of the retina at
the CB), connecting the choroid with the iris. It is composed of corona ciliaris (the ciliary
processes and folds), ciliary ring, ciliary muscle and a basal lamina. The ciliary processes are
finger like projections that extend into the posterior chamber, approximately 70 in number
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in man and 90 to 110 in bovine (Prince et al., 1960). These are composed of capillaries, which
are covered by a double layer of epithelium, called the ciliary epithelium (CE). The CE is the
key structure responsible for AH production. The choroid is the thin portion of the vascular
coat extending from the ora serrata to the optic nerve. It supplies blood to the retina and
conducts arteries and nerves to the anterior structures of the eye. The retina is the innermost
layer of the three tunics of the eyeball surrounding the vitreous body and continuous
posteriorly with the optic nerve. Grossly, the retina is composed of an outer single layer of
pigmented epithelial cells (pars pigmentosa), and an inner transparent layer (pars nervosa),
which is part of the optical component. The neural retina has many cell types, arranged in
distinct layers, including the essential neurons to receive and carry light signal to the brain.
The rod and cone (photoreceptor) layer of the neural retina forms the percipient element of
the retina (i.e., the element that responds to visual stimuli by a photochemical reaction) and
is connected via the bipolar cells to the nerve fiber layer, the ganglion cell layer. The axons
of the ganglion cells bundle together to form the optic nerve. The optic nerve in turn extends
and carries the light-induced impulse to the brain.
The AH and vitreous body are contained in the three spaces within the eyeball. The largest
space is situated between the lens and retina and contains the vitreous humor. The smaller
two spaces are called the aqueous chambers (anterior and posterior). The anterior chamber
contains most of the aqueous and is the space between the anterior surface of the iris and the
internal surface of the cornea. The posterior chamber is the name given to the smaller space
surrounded by the lens, the iris and the CB.
The vitreous is a clear hydrophilic mass and physiologically a hydrogel that occupies more
than two thirds of the intraocular volume. Forward extensions of the hyaloid membrane
form the suspensory ligaments supporting the lens, known as the zonules. The vitreous is
probably not a tissue in proper sense, but rather a highly specialized extracellular fluid
containing connective tissue-specific elements, such as collagen fibers, hyaluronic acid
(hyaluronan) and some other soluble proteins and glycoproteins. Its density, refractive
index and pH is slightly higher than those of pure water (Gloor, 1987; Redslob, 1932) and its
water content is extremely high, between 98% (Leone et al., 2010; Redslob, 1932) and 99.7%
(Sullmann, 1951). The mechanical stability and optical transparency of the vitreous comes
from the specific organization of the collagen-hyaluronan network. The vitreous allows light
to reach the retina and nutrients to diffuse from the CB to the retina.
2.1 Ocular blood supply
The blood vessels of the choroid supply many of the internal structures of the eye. The
choroid, CB and iris are supplied by the ciliary system of arteries, comprising the medial
and lateral long posterior ciliary arteries, the short ciliary and the anterior ciliary arteries.
These are often referred to as the uveal vessels. They emanate from the main arterial
supply to the eye, the ophthalmic artery, which is derived from a branch of the internal
carotid artery in the human. The venous blood from the uvea drains into the episcleral
veins. These are fine veins running through the sclera and from there into the four vortex
veins, finally leaving the eye by the superior and inferior ophthalmic veins. The neural
retina is supplied from the central retinal artery, a branch of the ophthalmic artery arising
proximal to the ciliary arteries. The venous blood from the retina drains into the retinal
veins and then into the ophthalmic veins. Fig. 2 shows the physiological plan of ocular
blood supply in human.
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Fig. 2. Diagram showing physiological plan of the circulation in human eye (Duke-Elder,
1926). CA, carotid artery; OA, ophthalmic artery; MB, muscular branch; CAR, central artery
of the retina; PCA, posterior ciliary artery; ACA, anterior ciliary artery; LPC, long posterior
ciliary artery; SPC, short posterior ciliary artery; ACA, anterior ciliary artery; ACV, anterior
ciliary vein; VV, vortex vein, IOV, inferior orbital vein (used with permission)

3. Aqueous humor
AH is a transparent fluid contained in the anterior and posterior chambers of the eye and is
formed by the ciliary epithelium (CE) of the ciliary processes projecting from the CB. AH is
formed by selective transfer of solutes (ions, glucose, ascorbate, amino acids and other
solutes) and water from the blood across the CE. The fluid is continuously secreted by the
CE and enters first into the posterior chamber. It then seeps forward through the narrow
space between the lens and the iris and enters the anterior chamber through the pupil. From
the anterior chamber it leaves the eye, mostly by bulk flow (a pressure dependent flow),
through the two outflow pathways at the anterior chamber angle, i.e., the angle formed by
the cornea and the root of the iris.
3.1 Functions of aqueous humor
AH is a nutritive fluid that serves as a blood substitute for the avascular cornea, lens,
anterior vitreous and also the trabecular meshwork (TM) of the outflow pathway. AH
supplies nutrients and oxygen to these avascular tissues through diffusion. It also removes
metabolic wastes of the avascular tissues through its continuous formation, sojourn through
the ocular chambers and drainage from the eye to the venous blood. Hydrostatic pressure
due to AH establishes the IOP, which inflates the eye to maintain proper alignment of the
optical structures. AH also serves to transport ascorbate, an anti-oxidant agent in the
anterior segment. Presence of immunoglobulins in the AH indicates a role in immune
response to defend against invading pathogens.
3.2 Anatomical and structural features of the aqueous secreting tissue
The ciliary body is the tissue responsible for AH secretion. The CB is a musculoepithelial
structure, composed of the ciliary muscles and the ciliary processes. The ciliary muscles are
responsible for accommodation and the ciliary processes are responsible for AH production.
The bulk of the CB consists of three sets of ciliary muscles, the longitudinal, radial, and
circular muscles. It is attached to the lens by connective tissue called the zonules of Zinn or
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simply ciliary zonules. The ciliary muscles, by relaxation or contraction, increase or decrease
the thickness of the crystalline lens to focus light on the retina to produce near or distance
vision. This process of shaping the lens is called accommodation.
The inner surface of the CB, i.e., the surface facing the posterior chamber, is covered with a
double layer epithelium. AH is formed by this epithelium. There are two distinct regions: the
anterior third consists of undulated surface and is termed the pars plicata, while the smooth
posterior two thirds is termed the pars plana. Projecting inwards from the pars plicata
region into the posterior chamber are approximately 70 radial ridges called the ciliary
processes (Fig. 3). Each process is 1mm high, 2mm long antero-posteriorly and 0.5mm wide.
In the bovine eye these processes are particularly well developed. The ciliary processes have
a rich blood supply and are probably the most heavily vascularized part of the eye. The
connective stroma in the interior of each process contains a mass of capillaries, arranged that
each comes into close relationship, at some point in its course, with the CE covering the
ciliary processes. A histological section of a porcine ciliary process are shown (Fig. 4).

Fig. 3. Posterior view of the ciliary body showing ciliary processes and part plana (Bron et
al., 1997) (used with kind permission from Springer Science+Business Media B.V)
The CE consists of an inner layer of nonpigmented epithelium (NPE) and an outer layer of
pigmented epithelium (PE). The endothelium of the ciliary capillaries is highly fenestrated
so a blood ultrafiltrate fills the stroma. This contains almost all components of the plasma
except the blood cells. It is now generally believed that AH is formed mostly by active
transport of ions and solutes across the CE. Selective transport of solutes takes place from
the stromal fluid across the bilayer into the posterior chamber and this causes a subsequent
osmotic flux of water, producing the AH. The exact contribution of each cell type to the
secretion of AH is not known. Most recent studies, however, suggest that both cell types
function together as a syncytium to produce AH (Civan, 1998; Edelman et al., 1994; Raviola
and Raviola, 1978). The contemporary view is that ions and other solutes driven inward
from the blood side by the PE cells readily pass through the gap junctions into the NPE cells.
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From the NPE, ions and solutes are then secreted across the basolateral membrane into the
posterior chamber (Avila et al., 2002; Civan and Macknight, 2004; Do and To, 2000; Jacob
and Civan, 1996; To et al., 2002). The situation is complex, however, because NPE cells also
may reabsorb some of the solute and water from the aqueous humor back into the stroma
(Hu et al., 2011; McLaughlin et al., 2007). The algebraic sum of these secretion and
reabsorption processes determines the net secretion rate of AH into the posterior chamber.

Pigmented CE

Nonpigmented CE

Fig. 4. A histological section of a porcine ciliary process (Shahidullah, 2010, unpublished
data) showing pigmented and nonpigmented ciliary epithelial cells.
3.2.1 Special features of the CE
The bilayer CE consists of the columnar non-pigmented (NPE) and the cuboidal pigmented
epithelial cells (PE). The basal surface of the NPE cells lines the posterior chamber whereas
the basal surface of the PE cells rests on the ciliary body stroma (Fig. 5). The apices of the PE
and NPE cells are in contact with each other and are connected via gap junctions. This
unusual arrangement is the result of the invagination of the neuroepithelial layer during
embryogenesis. Despite this arrangement, the secretory process is directed from apex to the
base of the NPE cells along the lateral intercellular canals, which are 'closed' at the apical
ends by dense junctional complexes, the tight junctions (Cole, 1977; Raviola and Raviola,
1978). The PE represents the forward continuation of the retinal pigment epithelium whilst
the NPE layer is the forward continuation of the neuroepithelium from which the retinal
cells are derived. Under electron microscopy, the cells of this epithelium display
characteristics typical of secretory epithelia, i.e. interdigitations on the lateral surfaces of
adjacent cells and basal infoldings (Pappas and Smelter, 1958; Pappas and Smelter, 1961).
The coordinated function of the two epithelial cell layers is of importance, since the secreted
aqueous must be derived from the blood contained in the capillaries of the ciliary stroma
and secretion must occur across both layers. Fig. 6 shows an electron microscopy image of
PE and NPE.
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Fig. 5. Schematic diagram of ciliary epithelium bilayer showing apex to apex arrangement of
pigmented and non-pigmented ciliary epithelium (Davson, 1990) (used with permission)

Fig. 6. Transmission electron microscopy image of CE showing PE and NPE cells. CE, ciliary
epithelium; PE, pigmented ciliary epithelium; NPE, nonpigmented ciliary epithelium; PC,
posterior chamber; N, nucleus; S, stroma; CAP, capillary. Bar = 5 µm (inset bar = 1 µm)
(Chen et al., 1996) (used with permission)
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The CB epithelium represents a significant barrier to the movement of substances from the
blood into the eye (Cunha-Vaz, 1979; Freddo, 2001). The vasculature perfusing the CB is
highly fenestrated, and large molecular weight tracers (e.g., horseradish peroxidase) readily
leak out into the surrounding interstitium following intravenous administration (Freddo et
al., 1990; Vegge, 1971). Since there are no tight junctions between the pigmented cells, the
aforementioned tracers have been shown to infiltrate the paracellular space between the PE
and NPE cell layers (Smith and Rudt, 1975). However, the tight junctions between NPE cells
act as a permeability barrier and prevent diffusion of blood-borne macromolecules (e.g.
proteins) into the AH (Cunha-Vaz, 1979; Freddo, 2001). The tight junctions (Vegge, 1971)
exclude large molecules from the AH (Green, 1984; Novack and Leopold, 1988). Thus, these
specialized junctions constitute the most important part of the blood-aqueous barrier.
Many gap junctions usually are found between the lateral surfaces of the PE cells and less
frequently between the lateral surfaces of the NPE cells. Gap junctions and puncta
adherentia are located between the PE and NPE cells and between each type of cells (Fig. 7).
Each gap junction channel comprises two hemichannels (connexons), each of which is
composed of six radially-arranged connexins around a central pore (Scemes et al., 2007).
This highly integrated epithelium in addition to the secretion of AH, affords attachment to
the ciliary zonules (Fig. 1). All ancillary functions to maintain proper transport activity,
diffusion characteristics, mechanical stability of the epithelium, etc. depend upon the
properties of these specialized intercellular junctions (Raviola and Raviola, 1978). AH
production is only possible if the transport activity of the epithelial cells is precisely
coordinated and solute gradients are not dissipated by free diffusion of water and solutes
along the intercellular clefts of the epithelium. Mechanical stability is an essential
prerequisite for the epithelium to withstand the tensile force of the elastic zonular fibers.

Tight
junction

Fig. 7. Diagram of double layer ciliary epithelium showing tight and gap junctions (Forrester
et al., 1996) (used with permission)
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A large number of gap junctions between both the NPE and PE cells with greater
concentration at the interface between the two epithelial layers constitute a striking
morphological feature of the CE. These junctions, less commonly referred to as nexuses or
macula communicans, are specialized membrane proteins (connexins) that are able to form
channels, which permit movement of molecules up to ~1,000 daltons (Kondo et al., 2000;
Saez et al., 1993). In electron micrographs of thin sections, they appear as regions of
intercellular contact where apposed plasma membranes of adjacent cells are separated by a
gap junction of 2 - 3nm (Saez et al., 1993). Gap junctions mediate both electrical and
metabolic coupling between cells (Gilula et al., 1972; Wang et al., 2010).
3.2.2 The blood-ocular barriers
The striking differences between the composition of plasma and the AH means that
substances encounter difficulty in passing from one fluid to the other. In addition, there is
no barrier between the posterior chamber and the vitreous body and between the vitreous
humor and the retina. Horseradish peroxidase and even Thorotrast particles can pass
from the vitreous into the intercellular spaces of the retina (Smelser et al., 1965). The
movement of horseradish peroxidase is halted at the tight junctions of the pigment
epithelium of retina (Peyman and Apple, 1972; Peyman and Bok, 1972). Thus, to maintain
the normal composition of AH, which is distinct from the plasma, some kind of barrier
must exist in all the associated structures separating the AH, vitreous and the retina from
the plasma. All such structures have either endothelial and/or epithelial barriers. In the
mammalian eye, endothelial barriers are localized in the vessels of the retina, optic nerve,
ciliary muscle and the iris. Epithelial barriers are present in the pigment epithelium of
retina, the NPE of the ciliary body and the iridal epithelium (Raviola, 1977). These
structures constitute the two important barrier systems, namely the blood-vitreous or the
blood-retinal barrier and the blood-aqueous barrier. The barriers prevent almost all
protein movement and they are effective even to low molecular weight solutes, such as
sucrose and fluorescein (Bill, 1975).
3.2.3 Blood-vitreous or blood-retinal barrier
The endothelial cells of the retinal capillaries and the tight junctions between the retinal
pigment epithelial cells (RPE) represent respectively the endothelial and epithelial parts of
the blood-retinal barrier. They prevent both outward and inward movement of horseradish
peroxidase as examined by injecting intravenously and into the vitreous (Peyman and
Apple, 1972; Peyman and Bok, 1972). The epithelial part of the barrier, i. e., the RPE
separates the choroidal fluid from the retinal tissue fluid and is very important because
choroidal tissue fluid is likely to be very similar to plasma.
3.2.4 The blood-aqueous barrier
The ciliary and the iridial epithelia constitute the epithelial part of the blood-aqueous barrier
and protect the posterior chamber from circulating macromolecules. The other part of the
barrier is constituted by the endothelium of the iris capillaries. The endothelial cells of iris
capillaries are joined by tight junctions, making the capillaries non-fenestrated. This
prevents movement of macromolecules from the lumen of the iris vessels into the stroma.
Horseradish peroxidase does not pass through the walls of these vessels (Vegge, 1971).
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3.3 Molecular entities involved in AH secretion
The molecules that are involved in AH secretion include transport proteins, enzymes and
ion channels. Since the blood-ocular barriers are largely impermeable even to small water
soluble substances, such as glucose and amino acids, important metabolic substrates have to
be transported to the AH through these barriers by carrier-mediated transport systems. The
carrier-mediated transport systems are specialized membrane proteins having the ability of
transporting their substrates across the cell membrane either actively against their
concentration gradient or passively along the electrochemical gradient. The ionic solutes,
which are largely membrane impermeable, must also be transported either by different
active or carrier mediated transport systems or by ion channels. Ion channels are specialized
proteins spanning the cell membrane that constitute a pathway for movement of a specific
ion or ions, e.g., Na+ channel, Ca++ channel, Cl- channel, K+ channel, etc. When a particular
ion channel opens it allows the ion to cross the membrane in the direction of its
electrochemical gradient.
Intense research in the field of AH secretion over the last several decades has identified
many transporter proteins/ion channels and their role in AH production. Most animals
produce AH in a similar fashion, although some species differences exist, particularly in Cland HCO3- secretion (Do and Civan, 2009). Three α subunits isoforms (α1, α2, α3) of the
primary active transport system, Na,K-ATPase, have been shown to be expressed in the
NPE (Ghosh et al., 1991; Shahidullah et al., 2007) with the α1 isoform in the PE (Ghosh et al.,
1990). Na,K-ATPase is localized mainly along the basolateral infoldings and interdigitations
of both the PE and NPE cells (Mori et al., 1991; Usukura et al., 1988) and higher activities
were found on the NPE cells (Riley and Kishida, 1986; Usukura et al., 1988). The Na+,K+ATPase of PE cells probably differs functionally from that of NPE cells as reflected by the
different isoforms shown in these two cell types (Ghosh et al., 1991). Pharmacological
inhibition of Na,K-ATPase by ouabain caused 62% inhibition of aqueous humor secretion in
an arterially perfused bovine eye indicating the major role played by this primary active
transport system (Shahidullah et al., 2003). Transport systems for glucose, several amino
acids (DiMattio et al., 1981; Hu et al., 2011; Reddy, 1979) and ascorbate (Chu and Candia,
1988) have been identified in the NPE. Potassium channels, chloride channels, bicarbonate
transporters and chloride-bicarbonate anion exchanger have also been identified and
characterized in the NPE (Edelman et al., 1995; Shahidullah et al., 2009). PE has been shown
to express important transport proteins, such as sodium bicarbonate co-transporter (Helbig
et al., 1989a), Cl-/HCO3- exchange (Helbig et al., 1988a), Na+/H+ exchange (Helbig et al.,
1988b). The Na+-K+-2Cl--cotransporter that transports Na+, K+ and Cl- into and out of cells in
an electrically neutral manner, in most cases with a stoichiometry of 1 Na+, 1 K+ and 2 Cl(Haas, 1994), has been shown to express at the basolateral membrane of bovine PE (Dunn et
al., 2001). In addition functional evidence of this transporter has been identified in the NPE
(Crook and Polansky, 1994; Dong and Delamere, 1994). We published immunohistochemical
data showing two carbonic anhydrase isoforms (CA II and CAIV) (Fig. 8) enriched in the
NPE layer but sparse or absent in the PE layer (Shahidullah et al., 2009). CA II was
cytoplasmic but CA IV was localized to the NPE surface, CA II and IV also were abundant
in cultured NPE. Carbonic anhydrase inhibitors (CAIs) are highly effective in reducing
aqueous inflow. Interestingly, transport systems for glucose (Alm, 1984; Alm et al., 1981;
Dollery et al., 1971), amino acids (Miller and Steinberg, 1976), lactate (Alm and Tornquist,
1985) and choline (Karlsson et al., 1984) have also been identified in the cells constituting the
blood-retinal barrier.
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Fig. 8. Immuolocalization of CAII (A) and CAIV in porcine ciliary body (Shahidullah et al.,
2009). Note that CAII is localized in the NPE cytoplasm and CAIV on the NPE membrane.
(used with permission)
3.4 Mechanism of AH secretion
There is now general agreement that AH is produced by the double-layered CE. Three basic
mechanisms, ultrafiltration, active transport and diffusion are involved, at one step or other,
in the process of AH secretion. AH formation is a complex process and it can be subdivided
into three steps:
1. In the first step, an ultrafiltrate is passed through the fenestrated capillaries of the
ciliary processes into the ciliary stroma. Due to the fenestrated nature of the ciliary
capillaries this ultrafiltrate contains a high percentage of plasma proteins. The capillary
wall is a considerable barrier for some of the plasma proteins. Studies on the dynamics
of extravascular plasma proteins in the ciliary processes indicate that the net filtrate
from the capillaries contain about 4% of the albumin and 3% of the γ-globulin in the
plasma (Bill, 1968a). The protein content in the ciliary stroma may be extremely high in
some species, e.g. in rabbit it is about 75% of that in the plasma (Bill, 1968b). The high
protein concentration in the ciliary stroma reduces the transcapillary difference in the
oncotic pressure, which is important for filtration from the capillaries.
2. In the second step, a number of solutes are transported from the ultrafiltrate to the
posterior chamber across the CE bilayer. This step is considered as the extraction of
materials (electrolytes and other substances, such as glucose, amino acids, ascorbate,
etc.) by the CE bilayer, against a concentration gradient, by means of diffusion, active or
carrier-mediated secretion of solutes (Cole, 1977). Blood-borne large molecules, such as
proteins cannot pass the blood-aqueous barrier (Green, 1984; Novack and Leopold,
1988). The ocular barriers are effective even with respect to low molecular weight
solutes, such as sucrose and fluorescein (Bill, 1975).
3. In the third step the osmotic gradient established by the active transfer and
accumulation of ions and other solutes into the posterior chamber (step 2) facilitates the
passive flow of water into the posterior chamber by osmosis (Bill, 1975; Brubaker, 1991).
3.4.1 Ions and solutes transport across the CE
Transfer of ions and solutes from the ciliary stroma to the posterior chamber requires that
the solutes will pass across both the PE and NPE layers. There are still unanswered questions
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about the functions of each specific cell layers and their interactions. The presence of a large
number of gap junctions between the PE and NPE suggests a coupling of these two layers in
transepithelial transport (Coca-Prados et al., 1992; Helbig et al., 1989b; Wang et al., 2010).
One of the characteristics of the CE is the asymmetric distribution of ion transporters on the
membranes of PE and NPE cells, which is essential for mediating the vectorial ion and
solute transport. Several models have been suggested for ion and solute movement (Avila et
al., 2002; Civan and Macknight, 2004; Do and To, 2000; Jacob and Civan, 1996; To et al.,
2002). No unified model has been proposed. However, the consensus is that there are at
least three transport steps involved in transferring ion and/or solute across the CE:
1. Loading of ions and/or solutes from the ciliary stroma (blood) into the PE cells across
its basolateral border
2. Translocation of ions and/or solutes through the gap junctions into the NPE cells
3. Shifting of ions and/or solutes from the NPE cells to the posterior chamber driven by
an electrochemical gradient and/or by active or carrier-mediated transport.
Loading of major ions through the PE basolateral membrane has been proposed to occur
through Na-K-2Cl cotransporter (Edelman et al., 1994; Kong et al., 2006), sodium bicarbonate
cotransporter (Helbig et al., 1989a) and paired activity of Na+/H+ and Cl-/HCO3- antiports
(Civan and Macknight, 2004; Counillon et al., 2000). Gap junctions both within each of PE
and NPE and between PE and NPE layers allow free exchange of metabolites and ions and
provide direct electrical coupling between these cells (Raviola and Raviola, 1978). In
accordance, gap junction dye coupling between the two cell layers has been demonstrated
using intra injection of the fluorescent dye, Lucifer yellow (Oh et al., 1994; Wang et al., 2010).
In addition, the fact that there is no difference in membrane potential (Carre et al., 1992;
Wiederholt and Zadunaisky, 1986) and intracellular ion contents (Bowler et al., 1996)
between PE and NPE cells indicates that the gap junctions allow direct intercellular
communication that facilitates the two cell layers functioning as a syncytium. Thus, active
transport in AH secretion applies largely to NPE. Secretion by the NPE is accomplished by
the active/carrier-and channel mediated transport of one or more ions, such as Na+, Cl-,
HCO3-, and low molecular weight solutes, such as amino acids, glucose, inositol, ascorbic
acid, etc. The concentration of ascorbic acid in the aqueous is about 20 times that in the
plasma and there is evidence that it is transported actively to the AH (Becker, 1967; Chu and
Candia, 1988). A schematic diagram of demonstrating the different junctions, transporters
and pump located within the PE and NPE membrane is shown (Fig. 9)

4. Composition of the aqueous humor
AH has a unique composition that differs from plasma in several important aspects. Several
laboratory studies confirm that AH is not simply a filtrate. It is an intraocular fluid,
homeostatically controlled and some of which individual components are in rapid turnover.
The AH is composed of ions (Na+, K+, Ca2+, Mg2+, Cl-, HCO3-), crystalloid or low molecular
weight substances (glucose, ascorbate, lactate, pyruvate, urea, H2O2, amino acids, etc.),
colloidal or high molecular weight substances, such as proteins (Borazan et al., 2010; Browne
et al., 2011; Ghanem et al., 2011; Lim et al., 2010), lipids (Jahn et al., 1983), biologically active
substances (catecholamines, eicosanoids, hormones, etc.) as well as some miscellaneous
substances such as hyaluronic acid, hyaluronidase, etc.). These components derive from a
number of sources, the principal ones being the plasma (by passive diffusion) and the CE
(by active secretion). Specific substances also enter the AH by diffusion or secretion from

www.intechopen.com

15

Mechanism of Aqueous Humor Secretion, Its Regulation and Relevance to Glaucoma

GJ

TJ

Na +

Na +

K+
2Cl

Na +

K+

Cl
H

-

+

K+

Na+
Cl -

K+
Cl

HCO3 Cl -

K+

-

HCO 3 -

Na+

PE

NPE

Fig. 9. Schematic diagram of a PE and NPE duplet showing locations of gap junctions, tight
junctions, major transporters and ion channels on the membrane, together with the direction
of transport of their substrates. PE, pigmented ciliary epithelium; NPE, nonpigmented
ciliary epithelium; GJ, gap junction; TJ, tight junction. Note that the gap junctions between
the PE and NPE as well as between each type of cells allow free passage of ions and other
solutes (double-headed arrows)
surrounding tissues: corneal endothelium, crystalline lens, trabecular meshwork, iris and
vitreous. These tissues utilize a number of nutrients present in the AH, e.g. the main source
of glucose for the cornea and the lens is the AH. Thus, the composition of AH depends on
the nature of the secreted fluid from the CE plus the subsequent passive and active
exchange across adjacent tissues. The rate of turnover of AH also contributes to modulation
of the composition by accumulating waste products from the surrounding tissues.
Alterations of the AH occur continually. For example the lens alters the AH by using
glucose, amino acids and other solutes and releasing metabolic wastes, such as lactic acid. It
may also act as homeostatic reservoir for amino acids. The normal composition of AH
reflects the normality of all the associated structures contributing in AH production and
drainage.
The composition of AH can be modulated by many factors. The imbalances in the carefully
tuned chemical composition of AH are thought to be both the cause and consequences of
pathological conditions in the anterior segment. Biochemical analysis of AH has identified
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high molecular weight lens proteins as a cause of elevated IOP in phacolytic glaucoma, i.e.,
sudden onset of open-angle glaucoma caused by a leaking mature or hypermature (rarely
immature) cataract (Epstein et al., 1978) and ascorbic acid concentration in AH differs in
normal subjects and in Chronic Open Angle Glaucoma (COAG) patients (Lam and Lee,
1975). Several studies have shown that AH can promote proliferation of cells in tissue
culture (Albrink and Wallace, 1951; Benezra and Sachs, 1974; Herschler et al., 1980;
Herschler and Tucson, 1983) or inhibit cellular growth (Kornblueth and Tenenbaum, 1956).
While these opposing findings may perhaps be explained by the different experimental
conditions and procedures, the possibility of AH being a growth modulator is a real
possibility since a number of growth factors are present in the AH (Borazan et al., 2010;
Browne et al., 2011; Ghanem et al., 2011; Lim et al., 2010). AH may be thought of as a growth
medium in which stimulatory agents and cytotoxic factors act to affect changes in cell
number, morphology and function. Understanding the nature of these cell growth
modulators and their functions may provide a clue to solving certain problems in glaucoma.
It is possible that derangement of such a modulator system in the AH may lead to changes
in the proliferative capacity, biosynthetic properties and ultimately the survival of the cells
of the trabecular meshwork resulting in an increased resistance to outflow. Tables 1, 2 and 3
show normal concentration of some of the important components of AH and plasma.
Components

Aqueous Humor (ng.ml-1)

Plasma (ng.ml-1)

Prostaglandins

2

Cyclic AMP

8

⎯

⎯

Catecholamines
Noradrenaline

a0.8

Adrenaline

0 - 0.13

- 1.14

0.311
0.097

Dopamine

0.12

0.037

Adapted from: (Cooper et al., 1984) ; a(Trope and Rumley, 1985).

Table 1. Biologically active substances in AH and plasma
Components

AH (μg.ml-1)

Protein (total)

a12.4

Albumin

b5.5

- 6.5

3400

Transferrin

b1.3

- 1.7

Prealbumin

b0.3

- 0.4

Fibronectin

c0.25

⎯
29

c3.0

1270

± 2.0

Plasma (μg.ml-1)
7000
⎯

Immunoglobulins
IgG
IgE

(Iu.ml-1)

c<0.75

16 - 218

Sources: (Tripathi et al., 1989); (Inada et al., 1984); (Berman, 1991)
a

b

c

Table 2. Protein composition of AH in comparison to plasma
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Components

Aqueous Humor (mM)

Plasma (mM)

Na+

142
4
1.2
1
131
20
1.1
4.5
0.1
2.7 - 3.9
4.1
0.001 - 0.01
0.024 - 0.069
0.17

130 - 145
3.5 - 5.0
2.0 - 2.6
0.7 - 1.1
92 - 125
24 - 30
0.04 - 0.06
0.5 - 0.8
0.1
5.6 - 6.4
3.3 - 6.5
⎯
⎯
0.12

K+
Ca2+
Mg2+
Cl+
HCO-3
Ascorbate
Lactate
Citrate
Glucose
Urea
Glutathione
aH2O2
bAmino acids (total)

17

Adapted from: (Riley, 1983); a(Spector and Garner, 1981); b(Davson, 1969)

Table 3. Electrolytes and low molecular weight solutes in human AH and plasma

5. Regulation of AH secretion
The rate of AH flow varies according to a circadian rhythm with different rates of flow
during day time and night (Koskela and Brubaker, 1991; McCannel et al., 1992; Reiss et al.,
1984; Topper and Brubaker, 1985). In healthy human volunteers it has been shown that the
night time seated rate of AH flow, fluorophotometric outflow and seated IOP was reduced
by 49, 45 and 16% respectively (Liu et al., 2011). The night time flow rate can be increased
by administration of exogenous epinephrine (Topper and Brubaker, 1985) but cannot be
reduced by administration of timolol (McCannel et al., 1992; Topper and Brubaker, 1985)
even though it can further be reduced by acetazolamide, a CA inhibitor (McCannel et al.,
1992; Topper and Brubaker, 1985). These seminal findings indicate that the AH flow is
under adrenergic control. Current opinion on the regulation of AH dynamics has been
stated as follows: “the pharmacotherapy of glaucoma is based mainly on neuro-hormonal
processes controlling aqueous humor dynamics. Systemic hormones as well as local
hormones and autonomic nervous system mediators are involved in the processes of
aqueous humor formation and drainage. Anti-glaucoma medications act mainly through
activation or inhibition of these systems' receptors, assisting to decrease aqueous humor
production or improve aqueous humor outflow” (Terelak-Borys and Liberek, 2007a;
Terelak-Borys and Liberek, 2007b). The presence of β-adrenergic receptors in the ciliary
process of rabbit (Bromberg et al., 1980), ox (Polansky et al., 1985) and human has been
demonstrated (Wax and Molinoff, 1987). Other studies have revealed that the β-adrenergic
receptors are predominantly β2-subtype (Crook and Riese, 1996; Elena et al., 1984;
Nathanson, 1980; Wax and Molinoff, 1987). The administration of timolol, a β-adrenergic
antagonist, either systemically or topically reduces AH formation and lowers IOP in
normal human subjects (Coakes and Brubaker, 1978; Dailey et al., 1982; Katz et al., 1976)
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and animals (Shahidullah et al., 1995; Watanabe and Chiou, 1983). Clinical treatment of
glaucoma has been most successfully directed towards reducing AH formation with
β-blockers.

6. Drainage of aqueous humor
AH enters the posterior chamber from the ciliary process and flows around the lens and
through the pupil into the anterior chamber (Fig. 1). From the anterior chamber AH leaves
the eye and enters the general venous circulation by bulk flow by two exit pathways, both
commencing at the anterior chamber angle (Johnson, 2005; Lei et al., 2011; Nilsson, 1997;
Sihota, 2011).
6.1 The anterior, trabecular or conventional route
This pathway employs through the trabecular meshwork across the inner wall of
Schlemm's Canal and then into collector channels, aqueous veins and the anterior ciliary
veins. Schlemm's Canal, also known as Canal of Schlemm or the scleral venous sinus, is a
circular channel. The canal is essentially an endothelium-lined circular space, resembling a
lymphatic vessel and located at the limbus, i.e., the joining point of the cornea and sclera.
The inner side of the canal is formed by 3 layers of the trabecular meshwork. The first layer
is the uveal meshwork, which is the forward extension of the ciliary muscle inserting in the
cornea (Bill and Svedbergh, 1972). The second layer is constituted by several sheets of
connective tissue extending between the scleral spur and the peripheral cornea. The third
layer, called the juxtacanalicular tissue, is an endothelial meshwork and the inner wall of
Schlemm's Canal. It is composed of collagen and elastic fibers, a ground substance and
several layers of endothelium enmeshed in a matrix of glycosaminoglycans, proteoglycans
and other macromolecules. The major resistance site to outflow is thought to be at the
juxtacanalicular tissue (also called cribriform plexus) and the inner wall of Schlemm's
Canal.
6.2 The posterior, uveoscleral or unconventional route
The second pathway of AH outflow is the posterior, uveoscleral or unconventional route
(Johnson, 2005; Nilsson, 1997). Aqueous flows from the chamber angle across the iris root
and the anterior face of the ciliary muscle, through the connective tissue spaces between the
muscle bundles of the ciliary body. These spaces open into the suprachoroid from which
fluid can pass through the sclera or the perivascular spaces into the episcleral tissue and
then into the venous circulation. The pressure in the suprachoroid space is lower than in the
anterior chamber by at least a few mmHg under normal conditions, thus, favoring this flow.
In primates most of the drainage occurs through the trabecular route and a small portion is
drained via the uveoscleral route. A small part of the aqueous humor flows into the vitreous
to be absorbed into the posterior part of the eye; some of the aqueous apparently is absorbed
by the ciliary body (Moses, 1990). In lower animals the Canal of Schlemm is absent but they
have a sinus structure with the same function (Bill, 1975). In human eyes, the uveoscleral
outflow accounts for about 5 to 20 percent of total outflow (Bill, 1975; Bill and Phillips, 1971),
while in monkey, the outflow is fairly equally distributed between the two routes (Bill,
1966a; Bill and Phillips, 1971). In rabbit and cat, there is comparatively little uveoscleral
drainage (Bill, 1966b; Cole and Monro, 1976).
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The flow of aqueous through the different compartments and outflow pathways is a typical
hydraulic flow, where the source of energy is the pressure difference at the ends of the
passage; the pressure at the upstream end is greater. The difference of upstream and
downstream pressure is called pressure head (ΔP). The rate of hydraulic flow is related to
Poiseuille's law. It has been incorporated into the Goldman equation:
F = C (P - Pe) or F = ΔP.C

This equation relates aqueous flow (F) to facility of outflow (C) and ΔP, the pressure head is
the difference between IOP (P) and the episcleral venous pressure (Pe), i.e. the pressure in
the vessels into which AH drains. The mean normal value for outflow facility in human is
estimated to be 0.25 μl.min-1.mmHg-1 of the applied pressure (Davson, 1990)

7. The intraocular pressure
The intraocular pressure (IOP) is the hydrostatic pressure exerted by the AH. The mean
normal IOP in man is about 15 mmHg with the highest and lowest accepted values of 21
mmHg and 10.5 mmHg respectively (Davson, 1990; Hurvitz et al., 1991). IOP can vary
between species, individual and even between eyes of the same individual. This pressure is
governed by several factors, such as the rate of secretion of AH, resistance to outflow (by at
least 2 pathways) and episcleral venous pressure. Despite the fact that IOP is the most
important risk factor of glaucoma and that control for IOP, either by pharmacological agents
or by surgery, remains the only effective glaucoma treatment, our mechanistic
understanding of IOP regulation in the eye is limited. Proper functioning of the outflow
pathways plays an important role in the regulation of IOP. Some of the important factors,
identified or proposed, include age, alterations of extracellular matrix, oxidative stress and
abnormal function of certain genes.

8. Glaucoma
Glaucoma is a multi-factorial ocular disease/syndrome with characterised by progressive
damage or degeneration to the optic nerve and visual field loss. Although increased
intraocular pressure is usually present, patients with normal range IOP can also develop
glaucoma. The definition published by the international consensus panel in 2002 has now
been widely accepted (Foster et al., 2002; Quigley, 2011). It is defined as optic neuropathy
characterized by damage to the optic nerve and visual field loss. The vision loss is
progressive and irreversible and results from retinal ganglion cell (RGC) death. The disease
progression is expressed by gradual deformation of the optic nerve head (optic disc), the site
where ganglion cell axons exit the eye.
8.1 Classification of glaucoma
Currently, glaucoma is classified into primary and secondary. In primary glaucoma, the
optic neuropathy is the consequence of primary defects in the circulating pathway of AH or
within the neural retina or the ganglion cells themselves, i.e., a glaucoma not caused by
another eye or medical condition. In secondary glaucoma, the optic neuropathy or
glaucomatous symptoms occur due to some other ocular or systemic disease or defects.
Major types of primary glaucoma:
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1.

Primary open angle glaucoma (POAG)/chronic open angle glaucoma (COAG):
Currently the idea that high IOP is the exclusive cause of optic neuropathy has been
almost discarded, since in many patients optic neuropathy occurs at normal IOP (Foster
et al., 2002; Quigley, 2011). POAG is now defined as significant optic nerve damage in
an eye, which does not have evidence of angle closure on gonioscopy, and where there
is no identifiable secondary cause. POAG is the most prevalent type of glaucoma.
2. Primary closed angle glaucoma (PCAG): Patients having narrow or closed anterior
chamber angle associated with significant obstruction of trabecular meshwork and
glaucomatous optic neuropathy. PCAG can be subdivided into subacute, acute, chronic,
symptomatic or asymptomatic according to the nature and severity of the onset. The
worldwide prevalence of PCAG is about one third of the rest (Quigley and Broman,
2006)
Secondary glaucoma may occur under many ocular or systemic conditions including:
1. Uveitis
2. Ocular trauma
3. Ocular neovascularization
4. Thyroid orbitopathy
In addition, there are several forms of congenital or hereditary glaucoma, which can be
either primary or secondary. Moreover, there are cases where glaucomatous damage occurs
without any increase in IOP, the so-called normal tension or low tension glaucoma.
8.2 Causes of glaucoma
Glaucoma is an age-related condition. There may be no single cause of glaucoma. Some
important risk factors have so far been identified. Elevated intraocular pressure is the most
important risk factor. Glaucoma is commonly, but not exclusively, associated with an
increase in intraocular pressure (IOP) and optic nerve damage may be a response to
chronically elevated IOP and mechanical deformation (Hernandez, 2000; Johnson et al.,
1996). Treatments that lower IOP either delay or prevent progression of glaucoma (Leske et
al., 2003). There is a correlation between IOP and the likelihood of development of glaucoma
and its progression (Boland and Quigley, 2007). Other risk factors are age (Tschumper and
Johnson, 1990); family history, ethnicity or genetic variation (Jiao et al., 2009; Rao et al.,
2011); other ocular or systemic disease, such as myopia, uveitis, decreased corneal or
choroidal thickness, thyroid abnormality, sleep apnea, migraine (Boland and Quigley, 2007;
Foster et al., 2002); vacular factors (Yanagi et al., 2011) and others. Age plays an important
role in the development of glaucoma. The phagocytosis of the trabecular meshwork is
decreased or lost in older individual leading to accumulation of toxic molecules within the
drainage channels causing interference with AH flow (Tschumper and Johnson, 1990).
8.3 Pathogenesis of glaucoma
The principal pathology of glaucoma is the atrophy of the optic nerve and visual field loss.
The exact mechanism of death of ganglion cells is not known. There are a number of
hypotheses on the mechanism of ganglion cell injury in glaucoma. One hypothesis is the
compromised blood supply to the optic nerve due to mechanical compression exerted by
high IOP. There is evidences that suggests tissue hypoxia in the retina may affect the
survival ganglion cells (He et al., 2011; Tezel and Wax, 2004). Other hypothesis includes
oxidative or nitrative stress, both at the level of trabecular meshwork (Sacca et al., 2007) and

www.intechopen.com

Mechanism of Aqueous Humor Secretion, Its Regulation and Relevance to Glaucoma

21

retinal ganglion cells (Aslan et al., 2008; Tezel, 2006); autoimmune reactions in which an
individual’s immune system facilitate somatic/axonal degeneration of retinal ganglion cells
(Wax and Tezel, 2009); glutamate toxicity (Vorwerk et al., 1999); loss of neurotrophic factors
(Pease et al., 2000), etc. However, a various combination of these factors may be
involved.The glial cells in the optic nerve head region (lamina cribrosa cells) (Quill et al.,
2011), and in particular the astrocytes, the principal glial cells, have been proposed to play
an important role in the glaucomatous change in the extracellular matrix in around the
ganglion cells (Hernandez, 2000; Hernandez et al., 2008). In primates, alterations in the
expression of metalloproteinases (MMPs) and their inhibitors (TIMPs) occur in the optic
nerve head of experimental glaucoma (Agapova et al., 2003a). These changes, which are
likely to contribute to remodeling of the glaucomatous optic nerve head, are particularly
prominent in the optic nerve head astrocytes (Agapova et al., 2001). Altered protein
expression, such as MMP1 and MT1-MMP, was also reported in human glaucomatous optic
nerve head astrocytes (Agapova et al., 2003b). In the CNS, injury or stress causes normally
quiescent astrocytes to become reactive, displaying altered morphology and protein
expression, most notably increased glial fibrillary acidic protein (GFAP) (Gadea et al., 2008).
Astrocytes are known to respond to a number of different stresses including injury (Laird et
al., 2008), endothelin-1 (He et al., 2007), oxygen-glucose deprivation (Gao et al., 2008) and it
is possible that such stress factors cause astrocytes to become reactive.
8.4 Medical treatment of glaucoma
Although the history of medical treatments dates back to 1862, all the effective treatments
were developed only in the last several decades (Realini, 2011). Until now, five major classes
of drugs have been used. Some of these drugs reduce IOP by reducing the secretion of AH
and others increasing the outflow. Some have a dual effect. All the preparations are
available for topical use. Greater details of these drugs have been given in two recent
reviews (Lee and Goldberg, 2011; Realini, 2011). The five classes of drugs are:
1. Adrenergic agonists: The two important drugs in this group are the α-2 adrenergic
receptor agonists apraclonidine and brimonidine. These two drugs are still available in
the market and are used by many patients. Brimonidine is preferable to aprachlonidine
because it is a more specific agonist to α2 adrenoceptor. Brimonidine has been shown to
produce initial reduction in AH secretion and in chronic administration an increase in
uveoscleral outflow (Wax and Tezel, 2009). A neuroprotective effect of brimonidine has
also been suggested (Wheeler et al., 2003). The use of brimonidine in children is
contraindicated due to its systemic side effect and its use in adults is limited by its
ocular side effects such as allergy (Rahman et al., 2010). The relatively specific α2
adrenergic agonist, apraclonidine, is reported to reduce both AH formation and outflow
resistance (Gharagozloo et al., 1988; Robin, 1988).
2. Beta-adrenergic antagonists: Important drugs in this group include timolol,
levobunolol, metipranolol, cartiolol and betaxolol. These drugs works by reduce AH
secretion (Brooks and Gillies, 1992; Dailey et al., 1982; Hurvitz et al., 1991; Shahidullah
et al., 1995). Although these drugs have been largely replaced as first line therapy by
prostaglandin analogs, they are still used in many cases. Timolol and metipranolol have
been claimed to be neuroprotective (Wood et al., 2003).
3. Parasympathomimetics: Important drugs in this group include pilocarpine, carbachol
and echothiphate iodide. Parasympathomimetics increase the outflow of aqueous
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humor through the trabecular meshwork. They produce contraction of the iris sphincter
and ciliary muscle, which opens the trabecular lamellae. Pilocarpine and carbachol
interact directly with the muscarinic receptors of the ciliary muscle whereas
echthiophate iodide interacts indirectly by inhibiting cholinesterase (Harris et al., 1973).
Carbonic anhydrase inhibitors: Carbonic anhydrase (CA) inhibitors reduce AH
secretion rate (Larsson and Alm, 1998; Maren, 2000; Maren and Conroy, 1993; Maus et
al., 1997; Vanlandingham et al., 1998; Wang et al., 1991). Acetazolamide was the first
systemic CA inhibitors appeared in the early 50’s. Useful topical CA inhibitors used
extensively in the past and are still in use includes dorzolamide (marketed as Trusopt
by Merck) and brinzolamide (marketed as Azopt by Alcon Laboratories). CA inhibitors
are very effective drugs in reducing AH secretion but their mechanism is poorly
understood. CA inhibitors reduce the availability of substrate (HCO3-) for anion
exchanger-2 (AE2)-mediated blood-to-aqueous bicarbonate transport. Acetazolamide
reduces the rate of blood-to-aqueous 14C-labelled bicarbonate movement (Zimmerman
et al., 1976). This is in accordance with their ability to reduce AH formation in dogs
(Maren, 1976) and rabbits (Caprioli and Sears, 1984; Kodama et al., 1985), species in
which the CE concentrates bicarbonate from blood to aqueous and the AH is
bicarbonate-rich. Curiously, however, the CAIs reduce aqueous formation equally
efficiently in eyes where the concentration of bicarbonate in plasma and aqueous is
similar in human (Dailey et al., 1982; Toris et al., 2004), monkey (Wang et al., 1991),
bovine (Shahidullah et al., 2003) and pig (Shahidullah et al., 2009). There is no apparent
net bicarbonate movement across the CE in these species, yet the CAIs reduce fluid
formation. Thus, the mechanism of CAI is still unknown.
Prostaglandins: Prostaglandin F2α analogs are the newest class of drugs and are most
effective drugs discovered so far. Among the available drugs in this group, the most
effective ones include latanoprost (marketed as Xalatan by Pharmacia in 1996, later
acquired by Pfizer), travoprost (Travatan, Alcon) and bimatoprost (Lumigan, Allergan).
The effects on IOP and AH dynamics of these drugs are similar. They consistently
produce substantial increase uveoscleral outflow and a less consistent finding is an
increase in trabecular outflow (Toris et al., 2008).

9. Conclusion and future direction
The principal pathological lesion in glaucoma is the degeneration of ganglion cell axons and
eventually the ganglion cell bodies. The proven treatments available are effective only in
lowering the IOP, one of the most important risk factors of glaucoma. However, glaucoma
damage also presents in patients displaying normal IOP (low tension or normal tension
glaucoma). It must be recognized that IOP lowering drugs are not curative, even though
they delay or in some cases prevent progression of the disease. Thus, future research should
be directed towards exploring the exact causes of optic nerve damage or ganglion cell death.
Recent studies have suggested some role of the glial cells, such as, lamina cribrosa cells
(Quill et al., 2011) and astrocytes (Hernandez, 2000; Hernandez et al., 2008), in the
remodeling of the extracellular matrix in the optic nerve head. How these cells and
remodeling of the region plays role in causing ganglion cell death is unclear. Better
mechanistic understanding of the optic nerve damage and ganglion cell death is crucial to
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development of curative treatment of glaucoma based on neuroregeneration rather than
neuroprotection.
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